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High-power  fiber  lasers  can  be  incoherently  combined  to  form  the  basis  of  a  high-energy  laser  system  for  directed- 
energy  applications.  These  applications  include  tactical  directed  energy  and  power  beaming.  Incoherent  com¬ 
bining  of  fiber  lasers  has  a  number  of  advantages  over  other  laser  beam  combining  methods.  The  incoherently 
combined  laser  system  is  relatively  simple,  highly  efficient,  compact,  robust,  low-maintenance,  and  reliable.  In  this  article, 
we  characterize  the  atmospheric  propagation  of  incoherently  combined,  high  optical  quality  laser  beams  and  compare 
them  with  other  types  of  laser  beams  and  combining  methods.  For  tactical  directed- energy  applications,  we  find  that  the 
propagation  efficiency  of  incoherently  combined  high  optical  quality  beams  is  near  the  theoretical  upper  limit  for  any  laser 
system  with  the  same  beam  director  and  total  power.  We  present  results  of  the  first  atmospheric  propagation  experiments 
using  incoherently  combined,  kilowatt- class,  single-mode  fiber  lasers.  These  NRL  field  experiments  combined  four  fiber 
lasers  using  a  beam  director  consisting  of  individually  controlled  steering  mirrors.  The  transmitted  continuous -wave  power 
was  3  kW  at  a  range  of  1.2  km  with  a  demonstrated  propagation  efficiency  of  ~90%  in  moderate  atmospheric  turbulence. 
The  experimental  results  are  found  to  be  in  good  agreement  with  simulations  and  theory. 


INTRODUCTION 

The  successful  development  of  laser  weapons 
promises  to  have  a  profound  impact  on  military  mis¬ 
sions  throughout  the  services.  A  directed- energy  (DE) 
laser  system  must  be  capable  of  delivering  hundreds 
of  kilowatts  of  average  power  to  a  target  at  multi¬ 
kilometer  ranges  through  adverse  atmospheric  condi¬ 
tions.  In  addition,  the  laser  system  must  be  efficient, 
compact,  robust,  and  reliable.  While  a  great  deal  of 
progress  has  been  made  toward  this  objective,  the  goal 
will  soon  receive  a  significant  boost  due  to  advances  in 
high-power  fiber  laser  technology.  High-power  fiber 
lasers  can  also  have  applications  in  the  area  of  power 
beaming,  e.g.,  to  UAVs  and  low-orbit  satellites. 

To  achieve  the  total  laser  power  needed  for  tacti¬ 
cal  DE  and  power  beaming  applications  it  is  necessary 
to  combine  a  large  number  of  fiber  lasers.  Lasers  can 
be  combined  coherently,  spectrally,  or  incoherently. 
This  article  focuses  on  incoherent  combining  of  high- 
power,  high  optical  quality  fiber  lasers.  This  laser  beam 
combining  approach  has  a  number  of  advantages  over 
coherent  or  spectral  combining. 

In  this  article  we  discuss  the  characteristics  of  high- 
power  fiber  lasers  and  the  progress  made  in  increasing 
the  output  power  of  these  devices  while  maintain¬ 
ing  high  optical  quality.  In  addition,  we  discuss  and 
compare  the  propagation  efficiency  of  incoherently 
combined  fiber  laser  arrays  and  coherently  combined 
arrays  in  realistic  atmospheric  conditions  for  multi¬ 
kilometer  propagation  ranges.  We  conclude  by  present¬ 


ing  results  from  the  first  field  propagation  experiments 
which  demonstrate  high-power,  kilometer- range 
incoherent  combining.  In  these  NRL  experiments, 
four  single-mode  fiber  lasers  capable  of  transmitting 
a  combined  continue  us -wave  (CW)  power  of  6.2  kW 
were  incoherently  combined  on  a  target  at  a  range  of 
1.2  km.  The  total  volume  occupied  by  the  four  fiber 
lasers,  including  power  supply,  diode  pump  lasers,  and 
fibers,  is  less  than  2  m^.  In  the  experiments,  a  total  of 
3  kW  was  transmitted  over  a  1.2  km  range  to  a  10  cm 
radius  target  with  the  lasers  at  half  power.  Propagation 
efficiencies  of  -90%  were  demonstrated  in  a  moder¬ 
ately  turbulent  environment. 

HIGH-POWER  FIBER  LASERS 

Although  a  number  of  companies  manufacture 
high-power  fiber  lasers,  IPG  Photonics  Corp.  (MA) 
currently  has  the  most  powerful,  with  over  3  kW  per 
fiber  of  single-mode  optical  radiation.^  Nufern  (CT) 
now  has  a  1  kW,  single-mode  fiber  laser  available.^ 

The  term  “single-mode”  laser  beam  is  synonymous 
with  a  diffraction-limited  ideal  Gaussian  beam.  The 
optical  quality  of  a  laser  beam  is  measured  in  terms  of 
the  parameter  M^,  which  characterizes  the  laser  beam 
spreading  angle.  An  ideal  Gaussian  beam,  i.e.,  single¬ 
mode  beam,  is  characterized  by  an  of  unity  and  has 
the  smallest  spreading  angle  of  any  beam  profile  with 
the  same  spot  size  (radius).  Multi-mode  beams  have 
an  greater  than  unity.  The  diffraction  (spreading) 
angle  of  multi-mode  beams  is  times  greater  than 
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that  of  a  single-mode  (ideal  Gaussian)  beam.  For  long- 
range  propagation,  single-mode  beams  are  necessary. 

Figure  1  illustrates  the  progress  made  in  recent 
years  in  increasing  the  power  in  single-mode  fiber 
lasers.  It  is  anticipated  that  the  power  output  of  single¬ 
mode  fiber  lasers  will  reach  a  plateau  of  ~5  kW/fiber  in 
approximately  one  year.  Multi-kilowatt,  single-mode 
fiber  lasers  are  robust,  compact,  and  have  high  wall- 
plug  efficiency,  random  polarization,  and  large  band¬ 
width  (-0.1%).  A  1  kW,  single-mode  IPG  fiber  laser 
module,  operating  at  wavelength  X  =  1.075  pm,  exclud¬ 
ing  power  supply,  measures  wxhxd~60cmx33cm 
X  5  cm,  weighs  approximately  20  lbs,  has  a  wall-plug 
efficiency  of  >30%,  and  has  an  operating  lifetime  in 
excess  of  10,000  hrs.  Figure  2  shows  a  1.2  kW  fiber  laser 
module  manufactured  by  IPG.  The  total  weight  of  a  2 
kW  IPG  fiber  laser,  including  power  supply,  is  -330  lbs. 
Because  of  the  high  operating  efficiency,  only  a  moder¬ 
ate  degree  of  water  cooling  is  required,  i.e.,  -2  gallons/ 
minute/kW.  To  operate  in  a  single  mode,  the  optical 
core  radius  of  the  fiber  must  be  sufficiently  small.  For 
example,  the  IPG  single-mode  1  kW  fiber  lasers  have 
an  optical  core  radius  of  -15  pm.  Multi-mode  IPG 
fibers,  on  the  other  hand,  operating  at  10  kW  (20  kW) 
per  fiber  have  an  optical  core  radius  of  -100  pm  (-200 
pm)  and  M^  -  13  (M^  -  38).  These  higher-power  fiber 
lasers  with  larger  values  of  M^  have  a  more  limited 
propagation  range. 

FIBER  LASER  COMBINING 

To  achieve  the  power  levels  needed  for  DE  applica¬ 
tions  it  is  necessary  to  combine  a  large  number  of  fiber 
lasers  either  coherently,  spectrally,  or  incoherently. 
Coherent  and  spectral  combining  of  laser  beams  can, 
in  principle,  result  in  a  smaller  size  beam  director. 
Coherent  combining  seeks  to  construct  a  phase-locked 
optical  wavefront  from  many  individual  lasers,  thus 
increasing  the  effective  laser  spot  size  and  extending 
the  propagation  range.  However,  this  approach  requires 
extremely  narrow  laser  linewidths  and  precise  control 


of  the  polarization  and  phase  of  the  individual  lasers. 
Fiber  lasers  with  the  narrow  line  widths  required  for 
coherent  combining  are  currently  limited  in  power  to 
less  than  a  few  hundred  watts  per  fiber  due  to  inherent 
nonlinearities  which  broaden  the  linewidth.  Spectral 
combining  uses  gratings  to  combine  a  large  number 
of  beams  with  slightly  different  wavelengths.  This 
approach  is  also  limited  by  the  fiber  laser  bandwidth 
and  the  requirement  that  the  lasers  have  a  well-defined 
polarization.  To  date,  the  highest  total  power  achieved 
through  coherent  or  spectral  combining  is  less  than  1 
kW.  Using  currently  available  fiber  lasers,  a  coherently 
or  spectrally  combined  DE  system  would  be  complex 
and  require  an  extremely  large  number  of  lasers. 

Incoherent  combining  has  a  number  of  advantages 
over  coherent  and  spectral  combining.  This  approach 
does  not  require  narrow  linewidths  or  phase/polariza¬ 
tion  locking  of  the  individual  lasers.  Hence,  it  allows  for 
the  use  of  higher-power,  multi -kilowatt  fiber  lasers  and 
is  much  easier  to  implement.  Incoherent  combining  of 
laser  beams  is  achieved  by  overlapping  the  individual 
laser  beams  on  a  target  with  a  beam  director  consist¬ 
ing  of  independently  controlled  steering  mirrors  and 
beam  expanders^  as  shown  in  Fig.  3.  To  limit  diffractive 
spreading  over  the  propagation  range,  the  spot  size  of 
the  beams  must  be  large  enough  at  the  source  and  the 
beams  must  have  good  optical  quality.  In  the  absence 
of  turbulence,  the  effective  range  of  an  incoherently 
combined  array  of  single-mode  lasers  is  determined 
by  the  Rayleigh  range  (Zji)  of  an  individual  beam, 
which  is  given  by  /X,  where  Rg  is  the  initial 

beam  spot  size  and  X  is  the  laser  wavelength.  To  achieve 
efficient  propagation,  the  distance  to  the  target  (target 
range),  L,  should  be  less  than  -2Z^.  For  example,  a 
single-mode  fiber  laser  with  initial  spot  size  =  4 
cm  and  wavelength  X=l  pm  has  a  Rayleigh  range  of 
-5  km,  so  the  target  range  should  be  less  than  -10 
km  to  avoid  significant  diffractive  spreading.  Usually, 
however,  the  spreading  of  the  beam  is  dominated  by 
atmospheric  turbulence  and  not  diffraction.  This  situa¬ 
tion  is  discussed  in  the  next  section. 
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FIGURE  1 

Progress  made  in  increasing  the  power 
per  fiber  in  single-mode  fiber  lasers. 
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FIGURE  2 

IPG  Photonics  1 .2  kW  fiber  loser 
module.  Module  has  dimensions 
60  X  33  X  5  cm,  weight  ~20  lbs, 
and  wall-plug  efficiency  ~30%. 


individually 

controlled 


FIGURE  3 

Schematic  diagram  of  incoherently  combined  fiber  laser  beams  directed  to  a  target. 


Because  incoherent  combining  allows  for  a  higher 
power  per  fiber,  the  laser  system  is  compact  and  readily 
scalable  to  power  levels  needed  for  DE  applications.  For 
N  incoherently  combined  fiber  lasers,  the  total  trans¬ 
mitted  power  is  N  times  the  power  in  the  individual 
fiber,  and  the  beam  director  radius  is  ~  ViV . 

A  500  kW  laser  system  would  consist  of  100  fiber  lasers 
(5  kW/fiber),  have  a  beam  director  radius  of  ~40  cm, 
and,  excluding  power  supply,  the  fibers  and  pump 
diodes  would  occupy  a  volume  of  ~8  m^. 

ATMOSPHERIC  PROPAGATION  OF  LASER  BEAMS 

The  physical  processes  affecting  the  propagation  of 
high-power  laser  beams  in  the  atmosphere  are  complex 
and  interrelated.  These  processes  include  diffraction, 
molecular/ aerosol  scattering  and  absorption,  turbu¬ 
lence  produced  by  air  density  fluctuations,  thermal 
blooming,  and  others.  While  it  is  beyond  the  scope 
of  this  article  to  consider  these  physical  processes  in 
detail,  for  the  purpose  of  estimating  and  comparing  the 
propagation  efficiency  of  combined  single-mode  and 
multi-mode  fiber  lasers  we  consider  some  of  the  more 
important  processes  in  a  simplified  manner.  We  also 


discuss  the  use  of  tip-tilt  compensation  in  the  beam 
director  to  correct  for  the  wander  of  the  laser  beam 
centroid  due  to  turbulence,  and  quantify  its  limitations. 

The  minimum  laser  beam  spot  size,  or  radius,  is 
obtained  by  adjusting  the  focal  length  of  the  transmit¬ 
ted  beam  so  it  equals  the  distance  to  the  target,  or  range 
L.  The  laser  beam  spot  size  on  target  is  then  given  by 
R  =  ©spread  ^  where  the  spreading  angle  ©spread  is  the 
sum  of  contributions  from  diffraction,  ©difF>  atmo¬ 
spheric  turbulence,  ©turb  ^  mechanical  jitter,  ©jitter? 
thermal  blooming,  ©bloom  -  Thermal  blooming,  i.e.,  the 
self-defocusing  of  the  laser  due  to  absorption  and  the 
subsequent  heating  of  the  air,  can  be  partially  miti¬ 
gated  by  propagating  in  an  atmospheric  transmission 
window  where  the  absorption  is  low.  Fortuitously  the 
fiber  laser  wavelength,  X  =  1.075  pm,  is  near  a  narrow 
water  vapor  transmission  window  centered  at  7.  =  1.045 
pm.  In  the  presence  of  water-based  aerosols  the  actual 
transmission  window  is  broadened^  and  easily  includes 
the  fiber  laser  wavelength.  For  total  laser  power  levels 
less  than  ~100  kW,  and  depending  on  the  transverse  air 
flow  and  atmospheric  absorption,  thermal  blooming 
effects  can  usually  be  neglected.^  Thermal  blooming 
near  the  beam  director  can  be  eliminated  by  introduc- 
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ing  a  transverse  air  flow.^  For  the  purposes  of  this 
discussion  we  will  also  neglect  the  small  mechanical 
jitter  contribution  and  concentrate  on  the  dominant 
effects  of  turbulence  and  diffraction. 

Atmospheric  turbulence  strength  is  described  by 
the  parameter  which  characterizes  the  amplitude 
of  density  fluctuations  in  the  air.  normally  ranges 
from  10“^^  m“^^^  (weak  turbulence)  to  10“^^  m“^^^ 
(very  strong  turbulence).  The  effect  of  turbulence  on 
laser  beam  propagation  is  characterized  by  the  Fried 
parameter  (transverse  coherence  length),  which  is 
a  function  of  and  propagation  range.  The  Fried 
parameter  varies  from  tens  of  centimeters  for  weak 
turbulence  conditions  to  fractions  of  a  centimeter  for 
strong  turbulence.  The  spreading  angle  of  a  laser  beam 
due  to  atmospheric  turbulence  is  0turb  =1-6 

Comparison  of  Single-  and  Multi-Mode 
Propagation 

The  diffractive  spreading  angle  of  an  individual 
laser  beam  is  0jiff  =  JVfi  X/{kRo).  The  goal  of  coherent 
combining  is  to  reduce  the  diffractive  spreading  angle 
by  phase  locking  and  polarization  locking  N  individual 
single-mode  lasers,  thus  increasing  the  effective  spot 
size  by  a  factor  of  ViV .  For  single-mode  fiber  lasers 
propagating  over  long  distances,  turbulence  spread¬ 
ing  dominates  diffractive  spreading,  i.e.,  0turb  » 

0(jiff ,  since  the  Fried  parameter  is  usually  less  than  the 
initial  laser  spot  size,  r,«  Rg .  On  the  other  hand,  for 
highly  multi-mode  fibers  (M^  >>  1),  the  diffractive 
spreading  angle  can  be  large,  i.e.,  O^jiff  >  0turb  •  These 
differences  between  single-mode  and  multi-mode 
fibers  have  important  consequences  for  their  propaga¬ 
tion  efficiency  and  the  use  of  adaptive  optics  to  reduce 
the  effects  of  turbulence.  For  single-mode  fibers,  the 
use  of  adaptive  optics  can  substantially  improve  the 
propagation  efficiency.  However,  for  multi-mode  fibers, 
adaptive  optics  will  have  little  effect  on  the  propagation 
efficiency  because  the  main  contribution  to  the  spread¬ 
ing  angle  is  from  diffraction  due  to  poor  beam  quality, 
i.e.,  high  value  of  M^. 

To  determine  the  merits  of  incoherently  combining 
single-mode  or  multi-mode  fiber  lasers  for  DE  applica¬ 
tions,  it  is  useful  to  compare  their  propagation  efficien¬ 
cies.  Here,  we  define  propagation  efficiency  as  the  ratio 
of  power  on  target  to  total  transmitted  laser  power. 

In  making  this  comparison,  the  fiber  laser  systems  are 
assumed  to  have  the  same  size  beam  director  and  the 
same  total  power.  Table  1  lists  the  parameters  of  four 
systems  that  are  designed  to  deliver  a  total  power  of  100 
kW.  The  systems  are  based  on  currently  available  fiber 
lasers.  For  example,  for  the  3  kW  per  fiber  and  =  1 
case,  33  fiber  lasers  (N^ber)  ^re  required  to  achieve 
100  kW.  The  corresponding  values  reflect  the  fact 


TABLE  1  —  Eour  configurations  of  a  100  kW 
system  using  single-mode  and  multi-mode  fiber 
lasers.  Systems  are  labeled  by  color  to  match 
propagation  efficiency  plotted  in  Fig.  4.  The 
black,  dashed  curve  in  Fig.  4  denotes  an  ideal 
Gaussian  beam  having  a  50  cm  spot  size. 


Power/fiber  (kW) 

M2 

^fiber 

R,{cm) 

3 

1 

33 

8.7 

5 

7 

20 

11.2 

20 

38 

5 

22.4 

100 

1 

1 

50 

that  for  multi-mode  lasers  the  beam  quality  decreases 
(M^  increases)  as  the  power  per  fiber  increases.  Table 
1  also  gives  the  radius  of  the  collimating  lens  for  the 
individual  fiber  lasers  (Rg).  In  all  cases,  the  radius  of  the 
beam  director  is  50  cm  and  the  target  is  assumed  to  be 
a  circular  disc  with  a  surface  area  of  100  cm^.  Figure  4 
plots  the  propagation  efficiency  for  =1,7,  and  38, 
in  vacuum  (Fig.  4(a)),  and  in  a  turbulent  environment 
with  =  10“^^  (Figs.  4(b)  and  (c)).  In  all  cases, 
the  beams  are  focused  onto  the  target.  For  propagation 
through  turbulence.  Fig.  4  shows  the  efficiency  without 
adaptive  optics  (b)  and  with  adaptive  optics  (c).  The 
adaptive  optics  was  modeled,  in  the  results  shown  in 
Fig.  4(c),  by  increasing  the  Fried  parameter  by  a  factor 
of  four.  The  dashed  curves  denote  the  case  of  a  single 
ideal  Gaussian  beam  with  initial  spot  size  equal  to  the 
radius  of  the  beam  director,  i.e.,  the  theoretical  upper 
limit  for  perfectly  coherently  combined  beams.  For 
ranges  <10  km  in  vacuum  (Fig.  4(a)),  and  for  condi¬ 
tions  in  which  turbulence  dominates  (Fig.  4(b)),  the 
single-mode  incoherently  combined  example  (red 
curve)  has  a  propagation  efficiency  virtually  identical  to 
that  of  the  coherently  combined  beam  (dashed  curve), 
while  the  propagation  efficiency  of  the  various  multi- 
mode  fibers  is  far  less.  Figure  4  also  shows  that  the  use 
of  adaptive  optics  can  greatly  improve  the  propagation 
efficiency  of  combined  single-mode  fibers  but  has  little 
effect  on  the  combined  multi-mode  fiber  lasers. 

Comparison  of  Incoherent  and  Coherent  Combining 

It  is  often  stated  that  the  advantage  of  coherent 
beam  combining  is  that,  for  a  given  size  beam  director 
and  total  power  level,  coherent  combining  results  in  a 
smaller  beam  spreading  angle  compared  with  incoher¬ 
ently  combined  beams.  For  propagation  in  vacuum, 
the  brightness  (intensity/solid  angle)  of  the  coherently 
combined  fiber  array  is  N  times  larger  than  for  an 
incoherently  combined  array,  where  N  is  the  number 
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FIGURE  4 

Propagation  efficiency  versus  range 
for  incoherently  combined  fiber 
laser  beams  with  beam  quality 
parameters  =1,7,  and  38: 

(a)  in  vacuum,  (b)  in  a  turbulent 
atmosphere  with  Cn=  10“^^  m“^/^ 
(no  adaptive  optics),  and  (c)  in  a 
turbulent  atmosphere  with  adap¬ 
tive  optics.  Laser  parameters  are 
listed  in  Table  1 .  The  dashed  curve 
represents  the  theoretical  upper 
limit  for  coherent  and  incoherent 
combining. 


of  fibers.  While  this  is  true  for  vacuum  propagation, 
it  is  not  relevant  when  the  effects  of  atmospheric 
turbulence  are  taken  into  account.  Beam  brightness  at 
the  source  is  of  limited  importance  when  considering 
realistic  DE  propagation  scenarios  in  turbulent  atmo¬ 
spheres. 

When  the  turbulence  strength  is  large  enough  so 
that  the  Fried  parameter,  ,  is  less  than  the  beam  direc¬ 
tor  radius,  Rgjj ,  coherent  and  incoherent  combining 
give  comparable  values  for  spreading  angle  and  spot 
size  on  target.  This  condition  is  usually  satisfied  for  DE 
applications.  For  example,  in  moderate  turbulence  and 
a  propagation  distance  of  L  =  2  km,  the  Fried  param¬ 
eter  is  =  3  cm,  which  is  typically  much  smaller  than 
the  beam  director  radius.  As  shown  in  Fig.  4(b),  the 
power  on  target  for  an  incoherently  combined  array 
of  single-mode  lasers  with  N  =  33  (red  curve)  is  virtu¬ 
ally  identical  to  that  of  a  coherently  combined  array 
(dashed  curve). 

Compared  to  a  coherently  combined  array,  inco¬ 
herently  combined  fiber  lasers  can  deliver  similar  power 
levels  to  a  remote  target.  This  is  seen  by  comparing  the 
dashed  (coherent  array)  and  red  (incoherent  array) 


curves  in  Fig.  4(a).  For  typical  propagation  scenarios 
and  realistic  atmospheric  conditions,  there  is  little  if 
any  advantage  to  coherently  combining  laser  beams  as 
compared  to  incoherently  combining  them. 

Beam  Wander  and  Tip-Tilt  Compensation 

Introducing  tip-tilt  correction  into  the  individual 
steering  mirrors  can  reduce  the  overall  laser  spot  size 
on  target.  Tip -tilt  correction  redirects  the  centroids 
of  the  individual  laser  beams  to  cancel  the  effects  of 
wander  due  to  turbulence.  This  is  accomplished  by 
monitoring  the  intensity  on  target  and  redirecting  the 
steering  mirrors  to  minimize  the  spot  size,  baser  beam 
wander  is  a  function  of  the  scale  size  of  the  turbulence 
fluctuations.  Turbulent  eddies  that  are  large  compared 
to  the  laser  beam  diameter  cause  the  laser  beam  cen¬ 
troid  to  be  deflected  and  to  wander  in  time  due  to 
transverse  air  flow.  Eddies  that  are  much  smaller  than 
the  beam  diameter  cause  spreading  about  the  beam 
centroid  and  cannot  be  reduced  by  the  use  of  tip -tilt 
compensation.  The  observed  long  time  averaged  laser 
spot  size  is  a  combination  of  beam  wander  and  spread- 
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ing  about  the  centroid.  In  weak  turbulence,  the  beam 
centroid  wander  represents  a  significant  contribu¬ 
tion  to  the  laser  beam  radius.  As  the  turbulence  level 
increases,  or  for  long  propagation  ranges,  the  beam 
wander  contribution  to  the  laser  spot  size  becomes  less 
important.  In  very  strong  turbulence,  the  laser  beam 
breaks  up  into  multiple  beams  making  tip -tilt  compen¬ 
sation  ineffective. 

If  the  individual  laser  beams  are  separated  by  less 
than  Tg  at  the  source,  the  wander  of  the  centroids  on  the 
target  will  be  correlated.  In  this  case,  it  would  be  pos¬ 
sible  for  beams  to  share  a  common  tip -tilt  correcting 
aperture,  thus  reducing  the  size  and  complexity  of  the 
system. 

NRL  FIBER  LASER  EXPERIMENTS 

The  NRL  incoherent  combining  field  propagation 
experiments  use  four  IPG  single-mode  fiber  lasers 
having  a  total  output  power  of  6.2  kW  (1  kW,  1.6  kW, 
1.6  kW,  and  2  kW).  These  initial  experiments  were  per¬ 
formed  at  the  Naval  Surface  Warfare  Center  (NSWC)  in 
Dahlgren,  VA,  over  a  propagation  range  of  1.2  km.  An 
aerial  view  of  the  propagation  range  is  shown  in  Fig.  5. 
The  laser  beams  propagated  4  to  10  ft  above  a  blacktop 
road. 

The  beam  director  consists  of  four  fiber  output 
couplers  and  individually  controlled  steering  mirrors 
which  direct  the  four  single-mode  fiber  laser  beams 
onto  a  target.  Each  beam  has  a  spot  size  of  ~2.5  cm  as 
it  exits  the  beam  director  and  the  target  is  a  10-cm- 
radius,  water-cooled  power  meter. 

Figure  6  shows  a  schematic  of  the  fiber  laser  output 
coupler  and  the  beam  expander  (concave -convex  lens 
combination)  which  is  used  to  adjust  the  focal  length. 

In  these  initial  experiments  the  fiber  lasers  were  oper¬ 
ated  at  nearly  half  power  because  of  thermal  blooming 
in  the  beam  director  and  in  the  atmosphere  just  beyond 
the  laser  source.  These  issues  can  be  readily  corrected  in 
the  next  series  of  experiments  by  using  lower-absorp¬ 
tion  optics  and  inducing  air  flow  near  the  laser  output. 
Thermal  effects  caused  an  axial  shift  of  the  focus  with 
time  as  the  total  laser  power  was  increased  to  ~3  kW. 
The  change  in  the  focal  length  was  compensated  for  by 
changing  the  separation  between  the  lenses  in  the  beam 
expander.  Figure  7  shows  the  beam  director,  output 
couplers,  and  steering  mirrors  used  in  the  experiments. 

The  power  on  target  as  a  function  of  time  is  shown 
in  Fig.  8.  After  the  output  coupler  reached  thermal 
equilibrium  (>  200  sec),  the  measured  power  was 
2.8  kW,  corresponding  to  a  propagation  efficiency  of 
-90%.  The  typical  errors  associated  with  the  measured 
transmitted  power  and  power  on  target  was  ±5%. 

Atmospheric  turbulence  causes  the  laser  beams 
on  target  to  wander  and  change  shape.  Since  the  laser 
beam  separation  is  initially  much  greater  than  Vg ,  the 


individual  beams  are  uncorrelated  and  their  centroids 
randomly  wander  with  respect  to  each  other.  At  times, 
the  four  beams  completely  overlap  forming  a  single 
spot,  while  at  other  times  the  four  individual  beams  are 
separated  by  typically  a  few  centimeters.  The  charac¬ 
teristic  time  scale  associated  with  beam  wander  is  -20 
msec.  Since  the  mechanical  jitter  angle  was  measured 
to  be  less  than  -2  prad,  the  beam  centroid  wander  is 
caused  mainly  by  atmospheric  turbulence. 

Figure  9  displays  two  frames  from  a  CCD  camera, 
the  first  at  -180  sec  and  the  second  at  -300  sec, 
showing  2.8  kW  of  combined  laser  power  on  the  power 
meter.  The  two  frames  were  chosen  to  illustrate  cases 
where  the  four  beam  centroids  are  fully  overlapped 
and  where  they  have  maximum  displacement  from 
each  other.  Precise  measurements  of  beam  wander 
and  spreading  at  the  target  are  difficult  and  were  not 
available  for  these  preliminary  experiments  because  of 
pixel  saturation  in  the  camera  and  a  limited  number 
of  frame  samples.  However,  one  can  estimate  the  beam 
wander  and  spot  size  from  the  CCD  images.  The  lower 
panel  of  Fig.  9  indicates  that  the  average  centroid 
wander  was  -4  cm  and  that  the  individual  instanta¬ 
neous  laser  spot  size  was  -2.5  cm.  Hence,  the  long  time 
average  spot  size  is  estimated  to  be  R  -  4.7  cm. 

To  compare  the  experimental  observations  with 
simulations  and  theory,  the  atmospheric  turbulence 
level,  C^,  was  measured  using  a  scintillometer.  The 
average  value  of  during  the  experiments  was  -  5  x 
10“^^  and  the  average  transverse  wind  velocity 
was  estimated  to  be  -2.5  m/sec. 

Comparison  of  Experiments  with  Simulations  and 
Theory 

The  Navy’s  High-Energy  Laser  Code  for  Atmo¬ 
spheric  Propagation  (HELCAP)^’^’^  was  used  to  model 
the  propagation  experiments.  The  HELCAP  code  is 


FIGURE  5 

Aerial  view  of  the  laser  propagation  range  in  Dahlgren,  VA. 
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Beam  Expander 


FIGURE  6 

Schematic  diagram  of  fiber  output  coupler  and  beam  expander. 


FIGURE  7 

Beam  director  used  for  incoherent 
combining.  Three  of  four  fiber  output 
couplers  ore  shown  in  the  foreground. 
Four  individually  controlled  steering 
mirrors  ore  shown  in  the  background. 
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FIGURE  8 

Experimentally  measured  power  at  target  versus  time.  Target  was  o  power  meter  with  45  sec  response  time 
and  10  cm  radius.  Average  wind  speed  was  ~2.5  m/sec,  and  measured  turbulence  strength  C^  =  5  x  10“^^ 
The  maximum  propagation  efficiency  is  ~90%.  Thermal  equilibrium  in  the  power  meter  is  reached  at 
~200  sec  and  the  laser  beams  are  turned  off  at  ~320  sec. 
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fully  three-dimensional,  time-dependent,  and  includes 
molecular/aerosol  scattering/absorption,  turbulence, 
and  thermal  blooming  effects.  The  simulations  assume 
an  aerosol  scattering  coefficient  of  0.05  km“^  and 
1  prad  of  mechanical  jitter.^ 

Figure  10  shows  the  results  of  HELCAP  simulations 
in  which  four  laser  beams,  with  a  total  power  of  3  kW 
and  at  a  range  of  1.2  km,  were  incoherently  combined. 
Panel  (a)  shows  the  intensity  contours  of  the  four 
beams  at  the  fiber  laser  output  coupler.  The  focal  length 
of  each  beam  was  adjusted  to  minimize  the  spot  size 
on  target.  Panel  (b)  shows  time-averaged  (over  a  few 
seconds)  intensity  contours  of  the  combined  laser  beam 
on  the  target  plane.  The  long  time  average  spot  size  on 
target  from  the  simulations  was  ~4.6  cm  compared 
with  the  experimental  estimate  of  4.7  cm.  The  intensity 
profile  as  a  function  of  time  indicates  that  the  rms 
wander  displacement  from  the  simulations  was  ~2.5 
cm  compared  with  the  experimental  estimate  of  4  cm. 
The  instantaneous  spot  size  of  the  individual  beams 
from  the  simulations  was  ~3.1  cm  compared  with  the 
experimental  estimate  of  2.7  cm. 

Using  atmospheric  turbulence  theory^’^’^  we  cal¬ 
culated  the  laser  beam  wander  displacement  and  long 
time  averaged  spot  size.  The  calculated  beam  wander 
and  long  time  average  spot  size  was  2.8  cm  and  4.2  cm, 
respectively.  These  calculated  values  are  in  good  agree¬ 
ment  with  experimental  observations  and  HELCAP 
simulations. 

DISCUSSION 

In  2008,  the  NRL  fiber  lasers  will  be  moved  to 
the  Starfire  Optical  Range  in  Albuquerque,  NM,  and 


FIGURE  9 

Two  CCD  camera  images  of  four  beams 
incoherently  combined  on  target  (1  0  cm 
radius  power  meter)  at  a  range  of  1.2  km. 
The  first  panel  shows  the  combined  beams 
at  ~1  80  sec  and  the  second  image  is 
at  ~300  sec.  The  later  image  shows  the 
four  individual  beam  centroids  randomly 
displaced  by  ~4  cm  due  to  atmospheric 
turbulence. 


propagation  experiments  over  a  3.2  km  range  will  take 
place  at  full  power.  The  objectives  of  these  experiments 
are  to  demonstrate  the  incoherent  beam  combining 
concept  at  longer  range,  quantify  thermal  blooming 
effects,  more  precisely  characterize  the  beam  wander 
and  spreading,  and  validate  the  propagation  model 
(HELCAP).  Planned  experiments  will  incorporate 
target-in-the-loop  tip-tilt  compensation  into  one  of 
the  fiber  laser  beams  to  correct  for  wandering  of  the 
beam  centroid.  Controlled  thermal  blooming  experi¬ 
ments  can  also  be  carried  out  using  a  stagnation  tube  to 
eliminate  the  cooling  effects  of  transverse  air  flow.  This 
arrangement  permits  thermal  blooming  effects  to  be 
observed  under  controlled  conditions  and  at  relatively 
low  power  levels.  The  temporal  change  in  the  laser 
spot  size  and  intensity  and  measurements  of  the  air 
properties  inside  the  stagnation  tube  will  provide  the 
necessary  data  to  study  atmospheric  thermal  blooming 
under  realistic  conditions. 

In  addition  to  the  NRL  program,  other  fiber 
laser-based  DE  efforts  are  underway.  A  NAVSEA  lethal¬ 
ity/propagation  program  being  carried  out  at  NSWC 
Dahlgren  utilizes  six  multi-mode  fiber  lasers,  each 
having  a  CW  power  of  5  kW  and  optical  quality  of 

~  6.  A  joint  Pennsylvania  State  University/NSWC 
Crane  lethality  and  propagation  program  is  also 
under  way  using  two  multi-mode  fiber  lasers,  10  kW 
(M^  ~  13)  and  5  kW  (M^  ~  6). 

SUMMARY 

Incoherent  combining  of  high-power  fiber  lasers 
can  result  in  highly  efficient,  compact,  robust,  low- 
maintenance,  and  long-lifetime  high-energy  laser 
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FIGURE  10 

HELCAP  simulation  showing  a  time-averaged 
transverse  intensity  profile  of  laser  beams 
at  (a)  the  source  and  (b)  incoherently 
combined  on  target  at  a  range  of  1 .2  km. 
The  atmospheric  turbulence  level  used  in  the 
simulation  is  the  same  as  those  measured  in 
the  experiment. 


systems  for  directed-energy  applications.  In  this  article, 
we  discussed  the  propagation  of  incoherently  combined 
single-mode  and  multi-mode  fiber  laser  beams  through 
atmospheric  turbulence.  We  compared  the  propaga¬ 
tion  efficiency  of  coherent  and  incoherent  combining 
and  found  that  under  typical  atmospheric  conditions 
and  propagation  ranges,  the  propagation  efficiency 
of  incoherently  combined  single-mode  fiber  lasers  is 
nearly  identical  to  the  theoretical  upper  limit  for  coher¬ 
ent  combining.  Hence,  there  is  no  inherent  advantage 
to  coherently  combining  beams  for  tactical  directed- 
energy  scenarios. 

We  presented  results  from  the  first  field  demonstra¬ 
tion  experiments  of  long-range  incoherent  combining. 
The  experiments  combined  four  fiber  lasers  using  a 
beam  director  consisting  of  individually  controlled 
steering  mirrors.  Propagation  efficiencies  of  ~90%,  at 
a  range  of  1.2  km,  with  transmitted  CW  power  levels 
of  3  kW  were  demonstrated  in  moderate  turbulence. 
Numerical  simulations  and  theoretical  results  were  in 
good  agreement  with  experimental  observation. 

The  NRL  propagation  experiments  have  provided 
important  information  concerning  the  issues  associ¬ 
ated  with  incoherently  combining  high-power,  single¬ 
mode  fiber  lasers.  These  field  experiments  will  lay  the 
groundwork  for  developing  a  tactical  DE  laser  system 
in  the  near  term. 
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